Abstract The aim of the study was to determine objective radiological signs of danger to life in survivors of manual strangulation and to establish a radiological scoring system for the differentiation between life-threatening and non-life-threatening strangulation by dividing the cross section of the neck into three zones (superficial, middle and deep zone). Forensic pathologists classified 56 survivors of strangulation into life-threatening and non-lifethreatening cases by history and clinical examination alone, and two blinded radiologists evaluated the MRIs of the neck. In 15 cases, strangulation was life-threatening (27%), compared with 41 cases in which strangulation was non-life-threatening (73%). The best radiological signs on MRI to differentiate between the two groups were intramuscular haemorrhage/oedema, swelling of platysma and intracutaneous bleeding (all p=0.02) followed by subcutaneous bleeding (p=0.034) and haemorrhagic lymph nodes (p=0.04), all indicating life-threatening strangulation. The radiological scoring system showed a sensitivity and specificity of ≈70% for life-threatening strangulation, when at least two neck zones were affected. MRI is not only helpful in assessing the severity of strangulation, but is also an excellent documentation tool that is even admissible in court.
Introduction
Strangulation is a generic term for hanging, ligature and manual strangulation. Pathophysiologically, there are three mechanisms of strangulation leading to death [1] [2] [3] : (1) venous obstruction, leading to cerebral stagnation, hypoxia, and unconsciousness, which allows muscle tone relaxation and final arterial and airway obstruction; (2) arterial spasm due to carotid pressure, leading to low cerebral blood flow and collapse; (3) vagal collapse caused by pressure to the carotid sinuses and increased parasympathetic tone. Interestingly, none of the proposed mechanisms emphasises airway compromise alone. In fact, although delayed mechanical airway compromise occurs and often complicates patient management, it appears to play a minor role in the immediate death of victims of fatal strangulation. Regardless of disagreement on theories, most experts agree that death ultimately occurs from cerebral hypoxia and ischaemic neuronal death.
While hanging is generally applied with suicidal intention, manual choking and ligature strangulation are mostly acts of violence. It is not possible to commit suicide by manual strangulation, because once consciousness is lost, the muscle tone in the strangulating arms relaxes.
Strangulation is an important medico-legal issue and challenge, especially with survivors of manual strangula-tion. The most important and most difficult decision to be made is whether or not life was in danger, because the allor-nothing law-death or complete recovery-is mostly present. Therefore, forensic pathologists have to interview and examine the victims thoroughly and as fast as possible after the incident. Signs of life-threatening strangulation are sight impairment, loss of consciousness, loss of urine or ordure, petechial conjunctival bleeding from blood congestion and strangulation marks [4] . However, it is usually very difficult because forensic pathologists need objective facts and not uncertain case histories. Computed tomography (CT) and magnetic resonance imaging (MRI) of the neck [5] provide more objective data. In clinical radiology, there is CT and MRI experience with neck injuries in survivors of strangulation. CT examinations of the neck and throat in cases of hanging have been described, mainly in case reports [6] [7] [8] [9] [10] . MRI allows for better assessment of the inner structures of the neck, like soft tissue, vessels and larynx that cannot be clinically examined or documented. Yen et al. [11] investigated 14 survivors of manual strangulation with MRI and found typical strangulation signs such as subcutaneous and intramuscular haemorrhage (platysma), haemorrhage of lymph nodes and salivary glands, but few injuries in the larynx and hyoid, which is more typical on post-mortem MRI, CT or autopsy. To our knowledge, no radiological sign was ever classified as lifethreatening in survivors of strangulation. The aim of this study is to identify all pathological features on MRI arising from manual strangulation, to statistically find radiological signs on MRI of life-threatening strangulation and to discuss these findings together with typical autopsy findings of victims who died (gold standard). Furthermore, the correlation between MRI features and each clinical finding shall be statistically examined.
Materials and methods

Patient characteristics
We examined 56 survivors of strangulation incidents (37 strangulations with hands, 6 ligature strangulations, 5 choke holds and 8 mixed strangulations), consisting of 35 women and 21 men with a median age of 26.5 years, range 12-54 years. These cases represented a continuous sample of victims who were admitted to our institute by the local justice department for forensic examination, documentation and reconstructions of the sequence of events. This study was approved by the local ethics committee, and written informed consent was obtained from all study participants.
Forensic examination
A board-certified forensic pathologist performed the standard forensic examination a few hours after the incident, except for one victim who did not report the incidence for 432 h. The median delay between strangulation and forensic examination was 9.5 h (mean 20.4 h). Two board-certified forensic pathologists in consensus made the assessment of danger to life. The following objective signs of strangulation were assessed: congestive ophthalmic petechial haemorrhages, strangulation marks, haematoma, erythema, skinabrasion and swelling of the neck. Subjective signs of strangulation like loss of consciousness, hallucinatory phenomena, loss of urine or faeces, dysphagia, dyspnoea, sore throat and croakiness were specifically queried. A case was classified as life-threatening when either congestive ophthalmic petechial haemorrhages or substantial objective and subjective signs of strangulation were present.
Magnetic resonance imaging
MRI was performed with a median delay of 38 h (mean 50 h) to strangulation. After excluding contra-indications, the victims gave their written informed consent to perform MRI of the neck. A 1.5-T MRI Unit (Magnetom Sonata, Siemens, Erlangen, Germany) with a neck coil (CP Neck Array) was used for imaging. The MRI neck protocol included six sequences without oral or intravenous contrast: 
MR image analysis
Two board-certified radiologists (sub-specialised in head and neck radiology) evaluated the MR images on a PACS workstation (picture archiving and communication system) in independent, blinded readings. In accordance with typical autopsy findings that are most frequently found in cases of hanging or severe manual strangulation [12] [13] [14] [15] , muscles of the neck (mainly the sternocleidomastoid, strap and platysma muscles), subcutaneous tissue, larynx, pharynx, hyoid, salivary glands, thyroid and lymph nodes were thoroughly analysed for oedema or haemorrhage, and the vessels were evaluated for integrity. It is often not possible to differentiate blood from oedema on MRI [16, 17] , and as a co-appearance of both is frequent in traumatised tissue, these signs were classified together. Intra-, subcutaneous, intramuscular, perilaryngeal and parapharyngeal oedema or haemorrhage were defined as diffuse areas of TIRM or T2 hyperintensity and T1 hypo-or hyperintensity. Special attention was paid to the platysma, since involvement of the platysma was suspected to be a specific sign of strangulation by Yen et al. [5, 11] , but the sternocleidomastoid, strap and dorsal neck muscles were assessed together. The platysma muscle was considered affected when it was thickened or hyperintense on the TIRM or T2-weighted sequence. A hyperintense appearance of the vocal cords on the TIRM sequence was rated as glottic oedema. Salivary glands, thyroid gland and lymph nodes were considered positive for haemorrhage or oedema when a parenchymal TIRM/T2 hyperintensity and T1 hypo-/ hyperintensity appeared. Vessel rupture was defined as T1 iso-/hyperintense and T2/TIRM hyperintense blood around the jugular vein or the carotid artery with mass effect.
Intramural haemorrhage should show a hyperintense crescent-shaped widening of the carotid artery wall in the T1-weighted fat-saturated sequence, and dissection of the carotid artery must demonstrate a hypointense dissection membrane in the arterial lumen on trueFISP images. Laryngeal cartilage and hyoid bone were rated as fractured when a loss of integrity or a TIRM hyperintense and T1 hypointense fracture line was obvious. Additionally, lymph nodes were considered enlarged, when the long axis measured more than 12 mm and the short axis more than 10 mm. To be judged to be pathological, alterations had to be identified on more than one MR sequence and plane each. In view of the potential juridical consequences of forensic diagnosis, only the findings that were detected by both radiologists were considered positive. Inter-rater agreement was calculated. We divided the cross section of the neck into three zones for establishing a radiological score and for a better understanding of the danger of strangulation (Fig. 4) . Superficial zone A includes skin and subcutaneous fatty tissue. Middle zone B contains muscles, vessels, salivary glands and cervical lymph nodes. Deep zone C includes larynx and perilaryngeal tissue. A radiological score was designed from 0 to 3 depending on the amount of zones affected (Fig. 4) ; 0 stood for no radiological finding. A score of 3 meant a pathological MRI finding in all three zones with at least one pathological feature per zone. A score of 2 indicated 2 pathologic zones, and a score of 1 meant that only 1 zone was affected. . P values over 0.3173 were rated as not significant. Sensitivity and specificity for lifethreatening strangulation were calculated for each radiological score and the receiver-operating characteristic (ROC) was computed for best cutoff scores. To establish the inter-rater agreement of the two radiologists, the weighted kappa coefficient [18, 19] was calculated. The association between the clinical and MRI findings was calculated with the chi-square test.
Results
Forensic findings
The Fig. 1 MRI of a 45-year-old female victim 4 h after strangulation displaying lymph node haemorrhage and oedema, intra-and subcutaneous haemorrhage. a Axial fat-saturated T2-weighted sequence (TIRM) shows two very hyperintense lymph nodes submandibular on the left (white arrows), compared to the reference node submandibular on the right (yellow arrow). b On the T1-weighted sequence on the same level, the oedematous node is slightly hypointense (blue arrow), while the haemorrhagic node is hyperintense (red arrow) compared to the normal node on the right (yellow arrow). Note the intracutaneous and subcutaneous haemorrhage, better detectable on the TIRM sequence as hyperintense skin thickening (a, grey arrow) and hyperintense imbibition of the subcutaneous tissue. Subcutaneous haemorrhage is hypointense in T1-weighted sequence (b, orange arrow) pathological feature. Intracutaneous haemorrhage and swelling of the platysma were demonstrated in the same number of patients in the two groups, as last mentioned above (Table 1) . Haemorrhagic lymph nodes ( Fig. 1 ) appeared overall in every fifth victim and also proved to be a good discriminator for life-threatening strangulation (p value 0.04), but enlargement of lymph nodes was more often seen in non-endangered victims. Interestingly, the larynx was less frequently involved: perilaryngeal bleeding (Fig. 3 ) occurred overall in 14% (8/56) and haemorrhage/ oedema of the vocal cord only in 9% (5/56); against all expectations, both were not significant for, but only indicative of danger to life (p value between 0.1-0.2). The submandibular and parotid glands were both involved in only 7% (4/56) of haemorrhages, although submandibular haemorrhage was strongly indicative of danger to life (p=0.055). In 4% (2/56) the thyroid gland showed haemorrhage independently of danger to life. No fractures of the laryngeal skeleton, the hyoid bone or a vessel disruption occurred in this study of survivors.
Twenty-five victims had a normal MRI (apart from enlarged lymph nodes, which was the only radiological sign, and this correlated positively with no danger to life). Three of them were judged to be life-threatened by the forensic pathologists, based on congestive petechial haemorrhage (n=2) or loss of consciousness (n=1). In any case, a lack of radiological findings was a significant sign of no danger to life (p=0.04). Sensitivity of a positive MRI (any of the above-mentioned findings, except enlarged lymph nodes) for life-threatening strangulation in this setting was 0.80 and specificity was 0.54.
Inter-rater agreement was highest for intramuscular haemorrhage/oedema with a weighted kappa coefficient κ of 0.794 (SD=0.075), followed by haemorrhagic lymph nodes (κ=0.717, SD=0.087), indicating substantial agreement for both (Table 1) . Only fair agreement was found for intracutaneous haemorrhage/oedema (κ=0.349, SD= 0.153); for all other signs the radiologists showed moderate agreement (κ=0.4-0.6).
Applying the designed radiological zone score (Fig. 4) , there was a significant difference in the two groups (p value=0.016). A victim of the danger-to-life group showed on average 1.73 affected neck zones, and in a non-lifethreatened victim only 0.85 zones were afflicted.
Whenever a deeper radiological zone was affected (Fig. 4) , all more superficial zones also showed a bleeding at the same or different location without exception. If for instance an oedema of the vocal cord appeared in zone C, then zones B and A were always affected, for example, with an intramuscular and subcutaneous bleeding. When a victim showed a bleeding in the sternocleidomastoid muscle (zone B), there was always a cutaneous or subcutaneous haemorrhage (zone A). The risk of having suffered danger to life was dependent on the deepest zone affected (Fig. 4) . The positive predictive value (= risk) for danger to life of a bleeding in zone A was 20%, in zone B 50% and in zone C 44%. The negative predictive value was 88% for negative MRI.
Sensitivity and specificity of MRI for life-threatening strangulation varied depending on the radiological score. When all three zones were affected, the score was 3, and sensitivity for danger to life was 27% and specificity 88%. For two or more zones affected (score ≥2), sensitivity a b a b Fig. 2 Twenty hours after strangulation, the MRI of this 36-year-old female patient shows haemorrhagic swelling of platysma, haemorrhage around the submandibular gland and subcutaneous haemorrhage. a: Axial fat-saturated T2-weighted sequence (TIRM): hyperintense swelling of platysma (blue arrow) with adjacent haemorrhage into fatty tissue alongside the submandibular gland (red arrow). Subcutaneous oedema or haemorrhage occurs in the submental region (orange arrow). Note the haemorrhage in the sternocleidomastoid muscles (yellow arrows). b: On the T1-weighted image, the border of the submandibular gland can more easily be depicted (red arrow)
increased to 67% and specificity dropped to 73%. If one or more zones were affected (score ≥1), sensitivity for danger of life was 80%, and specificity only 54%. The receiveroperating characteristic (ROC) showed the best discrimination for a score ≥2 (Fig. 5) .
Association between clinical and MRI findings (independent of danger to life)
The nine patients who suffered from loss of consciousness showed an association with the following MRI findings: six had swelling of the platysma (p=0.0183), four were depicted with perilaryngeal bleeding (p=0.0213) and four with peripharyngeal bleeding (p=0.009); three showed oedema of the glottis (p=0.03). Furthermore, loss of consciousness is significantly related to haemorrhage in the submandibular gland (p=0.0089) and thyroid gland (p= 0.021). A total of 25 cases with dyspnoea were found; 9 of them had an associated lymph node haemorrhage (p= 0.0395). Moderate association (p>0.05 and p<0.3) was found between dysphagia and intramuscular haemorrhage; sore throat and perilaryngeal bleeding; ophthalmic petechial haemorrhages and intramuscular haemorrhage; haematoma of the neck and subcutaneous bleeding; erythema of the neck and intracutaneous bleeding.
Discussion
Until now, there have been no objective criteria for diagnosing life-threatening strangulation by imaging. Typical signs of strangulation described in previous studies [5, 11] have been confirmed; furthermore, typical radiological signs of life-threatening strangulation have been established. All known autopsy findings (gold standard) of the neck of strangulation victims who died [12] [13] [14] [15] were studied in MRI. Apparently, some of these findings, such as vessel disruption and laryngeal fracture, did not occur and could be classified as deadly signs, but further studies are needed. On the other hand, haemorrhage into the submandibular, parotid Fig. 4 The radiological score ranged from 0 to 3 depending on the number of zones affected. Superficial zone A included skin and subcutaneous fatty tissue. Zone B (danger zone) contained all between A and C: muscles, vessels, salivary glands and cervical lymph nodes. Deep zone C comprised larynx and perilaryngeal tissue. A score of 3 meant a pathologic finding in MRI in all three zones (C). Whenever a deeper radiological zone was affected, all more superficial zones showed also a bleeding at the same or another location without exception. The positive predictive value (= risk) for danger of life of a bleeding in zone A was 20%, in zone B 50% and in zone C 44%. The negative predictive value was 88% for a negative MRI or thyroid gland-all signs of strangulation at autopsy-did not prove to be signs of danger to life in survivors. Victims who were forensically considered to have suffered danger to life showed significantly more findings in the superficial and middle zones (zones A and B), such as intracutaneous, subcutaneous and intramuscular haemorrhage/oedema, significantly more swelling of the platysma and haemorrhagic lymph nodes of the neck. Against all expectations, the deep pathologies in zone C like glottic oedema, perilaryngeal or parapharyngeal haemorrhage did not differ significantly in the two groups. The (peri-) laryngeal haemorrhage could arise more from the frustrating attempt of breathing or from the defending mechanisms to keep the airways open. A radiological zone score proved to be useful: sensitivity and specificity for life-threatening strangulation were approximately 70%. Interestingly, all more superficial radiological zones were affected when a deeper finding occurred, supporting the theory that there could be a linear or gradual disposal of energy from the skin to the larynx or spine during the act of strangulation.
Haemorrhage nearby the carotid artery and the jugular vein (zone B), like intramuscular bleeding, correlated better with danger to life than injuries to the upper airways, supporting the theory that the immediate cause of death is more the lowered blood supply to the brain than the low air supply to the lung. Therefore, zone B could also be referred to as 'danger zone'. Maybe the non-life-threatened victims have the ability to shunt some of the energy away from the danger zone B to the deepest zone C to avoid compression or damage to the vessels. On the other hand, all congestive petechial bleedings are judged life threatening by forensic pathologists; therefore, it is not surprising that alterations around vessels and carotid sinuses in MRI correlate better with danger of life than airway alterations.
As already mentioned in the introduction, venous obstruction is a leading cause of death in strangulation and mainly responsible for the ophthalmic congestive petechial haemorrhages. It seems that the haemorrhagic lymph nodes are the inner correlate to these superficial bleedings, because the bleeding mechanism is the same and the finding correlates significantly to danger of life also. Therefore, special attention to this finding should be given in the assessment of danger to life, and further strangulation studies should focus on it. Lymph node enlargement is statistically indicative of a non-life-threatening strangulation. In other terms, none of the haemorrhagic lymph nodes were enlarged, and invulnerable victims showed larger nodes. Furthermore, younger people-like most of our study population-have larger lymph nodes than the elderly.
Not every T2-hyperintensity in the skin or in subcutaneous tissue should be considered as a result of strangulation. Acne as well can show the same T1-hypo-and T2-hyperintense alterations, but displays smaller, more focal or multifocal, localised, patchy and not diffuse changes.
Looking at the correlation between clinical and MRI findings (independent of danger to life), it is not surprising that loss of consciousness showed the most significant associations with the mentioned MRI findings like swelling of the platysma, oedema of the glottis and submandibular gland haemorrhage, although the latter two could not be significantly linked to danger to life. Moderate association could be found for corresponding clinical and MRI findings such as dysphagia and intramuscular bleeding, sore throat and perilaryngeal bleeding or haematoma of the neck and subcutaneous haemorrhage. But surprisingly there was no association between croakiness and oedema of the glottis or between skin abrasion and intracutaneous bleeding. Maybe these clinical symptoms were just too small for any corresponding MRI feature to be depicted.
Shortcomings
Because of a small number of patients, no fracture of the laryngeal skeleton, hyoid bone or vessel disruption occurred in this study sample. These lesions probably result from a more powerful (hanging) or violent act of strangulation, where the victims frequently die. If one of those lesions should appear in MRI, life was probably in danger, but further studies of survivors of strangulation need to be done. The appropriateness of life-threatening strangulation is crucial for forensic pathologists, because the degree of penalty for the offender in court only depends on this decision alone. For a forensic pathologist the assessment of strangulation is very difficult with a subjective case history only, often without witness and only one objective clinical examination, without knowing the morphology of the deeper neck. Therefore, MRI provides a second objective proof of trauma, helping forensic pathologists to judge much better the severity of strangulation. In this way, radiologists can be more and more aware of the typical signs of life-threatening manual strangulation.
Last but not least, MRI is an excellent general documentation tool, providing the specialist and the layman a comprehensive overview of complex neck injuries [20, 21] .
